
Fast Recession of a West Antarctic Glacier 
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Satellite  radar  interferometry observations of Pine Island Glacier, in West Antarc- 

tica, reveal that  the hinge-line position of this  major ice stream  retreated  1.2f0.2 km 

per year between 1992 and 1996,  which in turn implies ice thinning  at  3.5f0.6  m ice 

per  year. The thinning  trend is attributed  to enhanced basal melting of the floating 

glacier tongue by warm ocean waters. If the fast retreat continues, it could trigger 

the wider-scale disintegration of the West Antarctic Ice Sheet. 
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Pine Island  Glacier,  in West Antarctica, is a major ice stream which drains 

172,000 km2 of ice area  into  Pine Island Bay, in the Amundsen  (Fig. 1A). 

Two decades ago, T. J. Hughes5t6 highlighted this glacier as being most vulnerable to 

climate change and a possible trigger for the disintegration of the West Antarctic Ice 

Sheet. The ice, stream flows rapidly, unrestrained by a large ice shelf at its  junction 

with the ocean, over a bed substrate well  below sea level  which deepens inland.  This 

flow configuration is inherently u n ~ t a b l e ~ * ~  because a retreat of its grounding line 

(where the glacier reaches the ocean and becomes afloat) would be  self-perpetuating 

and irreversible, regardless of climate forcing. 

Despite its theoretical  interest, few data exist on Pine Island Glacier and no evidence 

of present-day retreat-has been collected. Early  estimates of its  mass budget suggest 

massive ice thickening in  this region2j3. This view  was recently challenged by an 

hydrographic survey of Pine Island Bay which revealed that  the glacier experiences 

basal melt  rates one order of magnitude larger than those recorded on large Antarctic 

ice shelves, thought to be  the  normgJO. High basal melting is apparently fueled by an 

influx of relatively  warm ocean waters from the  southern Pacific. Taking basal  melting 

into account entails  a major revision of the glacier mass  budget. A pre-requisite to 

the revision is to know precisely where the glacier enters  in  contact  with the ocean 

waters. 

Here, we use satellite  radar  interferometry  from  the  Earth  Remote Sensing instru- 

ments, ERS-1 and 2, to detect  the glacier grounding-line position and its  eventual 

horizontal  migration with time. A quadruple difference interferometry techniquel1rl2 

is employed to  map  the glacier hinge-line position (or  limit of tidal flexing) for the 

first time, in  great  detail, across the  entire glacier width13 (Fig. 1). Feature  track- 

ing applied on the  same  data procures detailed vector measurements of the glacier 

velocity14. 
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Combining  this  information  with surface elevation from an  altimetric  digital eleva- 

tion  model of Antarctica15, we calculate an ice volume discharge at  the hinge line16 

of 76f4  km3 ice a-' . The mass  input  to  that region from mass  accumulation in the 

interior17 is estimated  at 71 f7  km3 ice a-'. If the  numbers  are correct, the glacier 

looses 5 5 5  km3 ice a-' to  the ocean, which is close to equilibrium". 

Comparing  quadruple difference radar interferograms acquired in 1992,  1994 and 

1996 along both ascending and descending tracks of the  satelliteslg, we also find that 

the hinge-line position of Pine Island Glacier retreats rapidly at a mean  rate of 1.2f.2 

km a-' between 1992 and 1996 (Fig.  1B-F  and 2A). 

Hinge-line retreat may result from  an increase in sea-level height, a decrease in 

ice thickness, or an increase of the height of the sea bed6-'. The  latter factor is 

unsignificant over the  time scale considered here, while changes in sea level due  to 

ocean tide should yield hinge-line migration of less than 1.3  km on this glacier2'. We 

therefore attribute  the 1992-1996 hinge-line retreat to a decrease in glacier thickness. 

The corresponding rate of thinning is 3.5f0.6  m a-' at  the hinge line. 

Mass accumulation and sublimation at  the surface of the glacier floating tongue 

are  both known to be  small (less than 1 m a-l) and in balance1121. Thinning of 

the floating  tongue is thus unlikely to  be caused by a major change in its surface 

mass budget. Similarly, the glacier velocity has been stable  at  the 10% level since 

the 197Os1j4 and did not change by more  than 1% between the 1992 and 1996 ERS 

interferograms22. The most likely explanation for the thinning trend is therefore that 

the basal melt  rates  eroding  the glacier at  its underside are too large to maintain  the 

floating tongue  in a state of mass balance. 

Calculations of ice discharge seaward of the hinge line indicate  that basal melting 

probably exceeds 50f10  m a-' in the first 20 km of the sub-ice cavity, subsequently de- 

creasing to average 24f4  m a-l between the hinge line and  the calving front  (Fig. 3C). 
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The large  melt rates recorded in  the proximity of the hinge line  imply that Pine Is- 

land Glacier is even more sensitive to ice-ocean interactions  than inferred  from the 

hydrographic  survey  conducted at the ice frontg. 

Application of a two-dimensional thermo-haline  circulation  model to  the sub- 

ice cavity shows that basal melting is sensitive to even slight changes in ocean 

conditions''. An increase  in sea-water temperature from +1.5"C to +2.OoC, for 

instance, would increase  basal  melting by  30%. Inter-decadal  variations  in ocean 

temperature of a few tenths of a degree have been reported for the deep  water  in the 

southeast Pacific23. Hence, basal melting could  easily increase by several meters  per 

year  in response to  an increase in sea-water temperature,  and trigger glacier thinning 

and  retreat of Pine Island Glacier. 

Sediment cores collected in Pine Island Bay  show that a substantially  more  extensive 

ice shelf  cover  was present  as  recently as 100 years ago24.  Terminus  locations  recorded 

in 1966,  1973 and 1985 suggest a glacier retreat of 0.8 km a-'. More recent  satellite 

imagery  indicates  more  stable ice front c o n d i t i o n ~ l ~ ~ ,  with  periodic calving of massive 

icebergs complicating the definition of the ice front position (see Fig. 1A). The recent 

ice front  stability  contradicts  the  radar  interferometry record which is unequivocal of 

a glacier hinge-line retreat at a mean  rate of 1.2 km a-' and which also supports the 

presence of an extensive ice  shelf in the recent past.  Perhaps  the ice-front evolution 

is controlled by other factors that those  driving hinge-line retreat. Basal melting is 

lower at the ice front  (Fig. 3C) as the glacier draft reaches shallower depths, hence 

ice thinning  due  to enhanced basal melting should be less there  than  up glacier. 

Furthermore,  the  current ice-front position is pinned down by numerous  emerging 

islands or ice  rises (Fig. 1A) which may  temporarily slow  down or halt  the ice front 

retreat  despite ice thinning.  In  contrast to  the difficulty of observing significant 

changes in ice front  position,  pronounced glacier thinning  occurring  near the hinge 
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line  has an  immediate effect  on its position because that position is governed by 

hydrostatic  equilibrium of the ice. If this  interpretation is valid, radar  interferometry 

then provides a most unique  and relevant record of present-day glacial retreat. 

Whether  the  retreat of Pine Island Glacier is a  unique  phenomena  in West Antarc- 

tica, or the signal of a wider-scale ice-sheet disintegration  cannot be answered at 

present.  Warm  circumpolar deep water reaches other sectors of the  continental shelf 

in the Amundsen and Bellinghausen seas besides Pine Island Bay, hence high basal 

melt rates  and ice sheet retreat could develop in these regions as ~ e l l ~ 7 ~ J O .  
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FIGURE  CAPTIONS 

Fig. 1. Normalized tidal displacements of Pine Island Glacier, West Antarctica 

recorded with  ERS differential interferometry and color  coded from purple  (grounded 

ice),  to yellow (glacier flexure zone) and blue (ice-shelf ice in hydrostatic  equilibrium 

with the ocean waters). Color tone is modulated by the  radar brightness of the scene 

acquired by ERS-1 on January 21, 1996 (Orbit 23627, Frames 5589 and 5607) @ 

ESA  1996. No interferometric data is available in  areas colored dark  green. The  data 

projection is a 50-m polar stereographic  grid.  ERS is  flying north in (A-C)  (ascending 

track, heading -49" from N) and south  in (D-F) (descending track, heading -128" from 

N), illuminating  the scene from its right. The normalization  factors of the  tide from 

(B)  to (F) correspond to a maximum  tidal displacement of, respectively, 2.2 m, 4.0 m, 

3.2 m, 2.7 m, and 0.9 m.  The fast-moving portion of the glacier is revealed by flow line 

features conspicuous in the  radar brightness image. The hinge-line position,  retrieved 

from  model  fitting  in  the region of interest13, is shown as a black thin continuous  line 

separating  grounded  (purple color) from floating ice (blue  color). Its finger-shaped 

appearance in (B) - (F) indicates the presence of thicker ice at the glacier center  than 

along its sides. In (A),  locally grounded  areas or ice rises (emerging  islands covered 

with ice and snow) are revealed between the hinge line and the ice front.  These ice 

rises buttress  the ice-shelf flow and may help temporarily  stabilize the current ice-front 

position. The white  square  in (A) delineates the  area shown in (B) - (F). (B) shows 

the hinge-line position and  tidal displacement recorded in 1996 (ERS-l/ERS-2  orbit 

pairs 23627/3954 and 24128/4455; Frame 5589). Profile A-B of Fig. 2A is represented 

by the thick,  white line running across the hinge line. Tidal  displacements recorded 

in  January 1992 (ERS-1  orbits 2970,  3056 and 3142; Frame 5589) are shown in (C); 

(D) 1996 (ERS-l/ERS-2 orbit  pairs 22614/2941 and 23616/3943; Frame 5211); (E) 
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March 1994 (ERS-1 orbits 13826,  13869, and 13912; Frame 5211); and (F) February 

1992 (ERS-1 orbits 3260, 3346 and 3432; Frame 5211). Decimal years are  indicated 

at  the  top of (B)-(F). Between (B) and (C), the hinge line retreats  5.0f1.0  km in 

3.78 a (annae) over a 275-m  wide  region at  the glacier center,  and  3.5f1.8  km on 

average across the  entire glacier width. The variability in hinge-line retreat across 

the glacier width  presumably reflects spatial variations in surface and basal slopes2'. 

The  retreat is  less along the glacier side margins due  to steeper slopes (-1.2% versus 

-0.5% at  the  center) for the  same  amount of thinning.  The  retreat between (D) and 

(E) is 1.2f1.0  km  in 1.76 a along the center line. Between (D) and (F), the  retreat 

is 4.7f0.9  km in 3.98 a. 

Fig. 2. (A) Tidal displacement measured by ERS along profile A-B (see Fig. 1B 

for location) for the 1996.1 and 1992.1 data (Fig.  1B and C). The  data noise level is 

1-2 mm.  The hinge-line position inferred from  model  fitting is indicated by an arrow 

of different color  for each year. The  magnitude of the 1996 differential displacement 

is 3  times less than for the 1992 data because the 1-day repeat cycle of 1996 data 

is closer to  the  natural periodicity of semi-diurnal  and  diurnal  tides than  the 6-day 

repeat cycle of 1992 data.  (B)  Retreat of the hinge-line position measured  in  a 250-m 

wide region along profile  A-B. Error  bars represent a 1.3-km uncertainty  in hinge- 

line  position due  to unknown tide. The  mean  retreat  rate along the glacier center 

is 1.2f0.2  km  a-l.  The smaller retreat  rate in 1994-1996 could be  due  to larger 

tidal  amplitudes  in  the 1994 data, an increase in basal slope as the glacier retreats 

or year-to-year variations in glacier thinning2'. (C) Ice volume flux of Pine Island 

Glacier at discrete locations between the hinge line (distance = 0) and  the ice front 

(distance = 50 km), parallel to flow lines. Ice velocity is inferred from along-track 

feature tracking of the 1996 ERS datal4.  The  cummulative glacier area  calculated 

from the hinge line is  shown in  red. Net basal melting  under steady-state conditions 
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is equal to  the decrease in ice flux divided by the  area.  The pronounced decrease in 

ice flux in the first 15 km is due  to basal melting in excess of 50 m a-l. Net basal 

melting decreases downstream. Ice  flux increases after km 30 due  to  additional ice 

input  from  the  south. 
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